Addressing the environmental risks related to contamination of groundwater with the phenolics, benzene, toluene, ethyl benzene, xylene (BTEX) and polycyclic aromatic hydrocarbons (PAHs), which might be potentially released from the underground coal gasification (UCG) under adverse hydrogeological and/or operational conditions, is crucial in terms of wider implementation of the process. The aim of this study was to determine the main organic pollutants present in the process condensate generated during the UCG trial performed on hard coal seam in the Experimental Mine 
INTRODUCTION
Underground coal gasification (UCG) is widely recognized as a promising method of coal utilization applicable especially under the conditions of coal seams abandoned for technical or economic reasons. Implementation of UCG technologies under the right operating conditions and site selection can contribute to a more sustainable management of solid fuel resources and energy generation. It is claimed to be advantageous in terms of labor safety when compared to the conventional methods of coal extraction and also more cost effective in comparison with the gasification processes in surface gas generators. The environmental concerns related to the process should not, however, be underestimated. Potential groundwater contamination with liquid by-products of the UCG process and uncontrolled gas leakage may be considered if the site has pathways to the groundwater and the pressure conditions have not been controlled.
The literature data on the potential groundwater pollution resulting from the UCG operation are limited to a few works, i.e. the Hanna and Hoe Creek experience (Wyoming, USA) reported in the 1980s and 1990s (Stuermer et al. ; Lindblom ; Lindblom & Smith ; Covell & Thomas ) and the Chinchilla project (Australia) (Blinderman ), while the idea of the UCG process dates back to the 1930s (former Soviet Union). Since then a few dozen large scale experiments and a limited number of commercial applications of the UCG process have been accomplished (Gregg & Edgar ; Burton et al. ) . It is also of special interest to Poland with its energy sector based predominantly on coal (Białecka ; Kapusta & Stańczyk ) . A renewed interest in the UCG process in Poland has been initiated with the EU (RFCS) supported project Hydrogen Oriented Underground Coal Gasification for Europe -HUGE (2007 -2010 , followed by the HUGE2 project (2011) (2012) (2013) (2014) , dedicated more specifically to the environmental issues of the UCG process. Within the HUGE project several UCG ex situ tests in blocks of coal and one in situ experiment have been performed, focused mainly on the technological aspects of the UCG process (Stańczyk et al. , , ; Wiatowski et al. ) . The issue of groundwater pollution and its dependence on the kind of coal used and operating parameters applied was also examined (Kapusta & Stańczyk ) . Careful monitoring of organic compounds, such as benzene, toluene, ethyl benzene, xylene and other aromatic compounds (PAHs) soluble in water, should be of special concern when considering wide application of the UCG process (Kasai et al. ) . The presented study focused on the quantitative and qualitative analyses of organic pollutants in the liquid phase by-products (condensate) of the in situ UCG process.
The Hierarchical Clustering Analysis (HCA) method of analyzing the data structure by tracing the similarities between objects in the parameters space and parameters in the samples space ( 
METHODS
The experiment of the in situ underground coal gasification was performed in the Experimental Mine 'Barbara' in Mikołów, Poland. The study focused on the quantitative and qualitative analyses of organic pollutants present in the liquid phase by-products of the in situ UCG process.
Materials and experimental set-up
Four main elements can be distinguished in the UCG experimental installation: gasification agents supply system, georeactor, condensate system, and product gas collection system (Wiatowski et al. ) . The installation was designed to perform gasification tests with various gasification agents, such as air, oxygen, steam or their mixtures in controlled ratios, supplied in four separate pipelines via shaft and galleries to the georeactor. The georeactor was located in the coal seam of approximately 1.5 m thick at a depth of 30 m. The ultimate (contents of C, H, N, S) and the proximate analyses (contents of the total moisture, ash, volatile matter) of hard coal, as well as the heat of combustion, calorific value and sintering point, softening point, melting point and flow temperature of ash, were analyzed in the accredited Laboratory of Solid Fuels Quality Assessment of the Central Mining Institute in accordance with the relevant standards (see Table 1 ).
The condensate system, located 15 m from the georeactor outlet, consisted of a separator and a condensate collector. The UCG process condensate was collected in two underground tanks each with a volume of 0.5 m 3 , and periodically transported to the surface. Here, the condensate was filtered in order to remove coal chars and other solids and analyzed, using standard analytical methods, in the accredited Laboratory of Water and Sewage Analysis of the Central Mining Institute. The concentrations of phenolics and benzene, toluene, ethyl benzene, xylene (BTEX), were determined with headspace gas chromatography (Agilent 7890A) coupled with mass spectrometry (GC-MS), and the polycyclic aromatic hydrocarbon (PAH) contents were determined with high-performance liquid chromatography (HPLC).
Hot gaseous products from the georeactor were directed to the flare via a pipeline in the ventilation gallery and ventilation shaft. The amount of produced gas was measured with a flow meter, and its composition was analyzed on-line with a two-channel gas chromatograph (GC) Agilent 3000A.
Experimental procedure
The coal seam was ignited according to the procedure described by Wiatowski et al. () . The UCG experiment was divided into three main stages. In the first stage, of approximately 190 h, the oxygen with a flow rate of 20 Nm 3 /h was used in order to heat up the coal seam and to stabilize the UCG operational conditions. During the second stage, lasting approximately 165 h, the stable operation of the georeactor was maintained with an oxygen flow rate of 20-40 Nm 3 /h. In the third stage, of 456 h, safe completion of the UCG process was reached. The oxidant supply rates were set based on the gas composition measurement results.
The condensate was collected in the underground separator and transported to the surface four times during the UCG process duration and twice in the post-process stage. Samples 1-4 were produced in the periods of 0-48, 49-216, 217-312 and 313-355 h of the process duration, whereas samples 5-6 in the post-process stage were between 356-523 and 524-811 h of the experiment duration, respectively.
Methods of the exploratory analysis of the in situ UCG process condensate data set
The visualization of condensate samples (objects 1-6) in the space of measured organic pollutants: phenolics (parameter no. 1, μg/L), benzene, toluene, ethyl benzene, xylene (BTEX, parameters 2-5, μg/L), naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene (PAHs, parameters 6-14, μg/L) was performed with HCA, which enables data structure to be analyzed by tracing the similarities between objects in the parameter space and parameters in the sample space. The hierarchical clustering method is characterized by the similarity measure used and the way the resulting sub-clusters are linked. The most common similarity measures are the Euclidian or Manhattan distances (for continuous variables). Single linkage, complete linkage, average linkage, centroid linkage, or Ward linkage can be used to merge the resulting subclusters. Ward linkage method is one of the most commonly used linkage methods. It is based on the inner squared distance of clusters, so that at each stage these two clusters are merged, for which the minimum increase in the total within-group error sums of squares is observed.
The HCA allows visualization of the data in the form of dendrograms, of which the OX axis shows the sequence of objects/parameters clustering and the OY axis determines the similarity between them. The HCA cannot be used in tracing the similarities between objects and measured parameters simultaneously. This problem may, however, be overcome by complementing the cluster analysis with a visual display of studied data sets (sorted in the objects and parameters direction from the dendrograms), which enables direct interpretation of clustering in terms of original variables (Smoliński et al. ) . The chemometric analyses were carried out using Matlab software version 6.0 and the author's written routines (MathWorks ).
RESULTS AND DISCUSSION
The concentrations of phenolics, BTEX and PAHs should be continuously monitored and adequate measures should be taken to avoid its leakage into the environment during the underground coal gasification process. It should be emphasized, however, that under normal operating conditions of the UCG process, most of the condensate leaves the cavity with the product gas. Within the experimental study of the underground coal gasification in the in situ georeactor, the qualitative and quantitative analyses of organic pollutants present in the process condensate were performed. The total volume of the process condensate and selected balance parameters of the in situ UCG process are presented in Table 2 . The average gas production rate was 201.5 Nm 3 /h, and the calculated calorific value of gas produced in the first stage equaled 3.62 MJ/m 3 . The average concentrations of combustible gas components, i.e. hydrogen, carbon monoxide, methane and ethane, were 19.01, 15.53, 0.92 and 0.05% vol. , respectively. High N 2 content, of 46.85% vol. , was reported, resulting from the loss of the generator tightness caused by the fire on the inlet in the 14th hour of the experiment. The leak in the georeactor was the source of additional air which diluted the product gas. In the second stage of the experiment the concentration of combustible gas components slightly decreased. The average hydrogen, carbon monoxide, methane and ethane concentrations in the product gas reached 9.30, 10.52, 0.92 and 0.03% vol. , respectively.
The total condensate production in the UCG experiment was 8,933 L. The highest value was observed in the first 190-h stage which may be attributed to the relatively high moisture content in the coal seam. This also explains the relatively higher hydrogen content in the product gas when compared to the second stage of the experiment.
The concentrations of organic pollutants (phenolics, BTEX and PAHs) in the condensate significantly varied with time. To investigate the relationships between organic pollutants in the samples collected in the periods of 0-48, 49-216, 217-312 and 313-355 h of the process duration (objects 1-4), and 356-523 and 524-811 in the post-process stage (objects 5 and 6), the hierarchical clustering method was used. The data were organized in matrix X (6 × 14), where rows represented the condensate samples (objects), whereas the columns represented measured organic contaminants (parameters). A comparison between the organic pollutants profiles for the studied samples was performed for centered and standardized data, since the studied data set included measurements made within various magnitudes of ranges:
where x j , s j denote the mean of the jth column and its standard deviation, respectively. Total condensate production [L] 4,000 3,420 1,513 In the presented study the dendrograms were constructed using the Euclidean distance and the Ward linkage algorithm (see Figure 1) .
The dendrogram constructed for the condensate samples (see Figure 1(a) ) reveals two different clusters, A and B, and shows the uniqueness of the sample collected during the first 48 h of the UCG process duration. Cluster A groups the samples collected in the periods of 356-523 and 524-811 h of the post-process stage (objects 5 and 6), whereas cluster B groups the samples collected in the periods 49-216, 217-312 and 313-355 h, respectively (objects 2-4). In cluster B the difference between the samples collected under stable operational conditions of the UCG process (object 4), and during the coal seam heating up (49-216) and the initial stage of the gasification process (217-312 h) (objects 2 and 3, respectively) was also observed.
The dendrogram constructed for the measured organic pollutants (see Figure 1(b) ) allowed distinction of the three main classes: A, B, and C. Class A collects measured PAHs: acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene and chrysene (parameters 7-12 and 14). Class B groups xylene (parameter 5) and the remaining PAHs: naphthalene and benzo(a)anthracene (parameters 6 and 13). Phenolics (parameter 1) and the remaining BTEX: benzene, toluene and ethyl benzene (parameters 2-4) belong to class C. The color map of the studied data was constructed (see Figure 1(c) ) to trace the similarities and differences between the samples and measured concentrations of organic pollutants. Based on a simultaneous interpretation of the dendrogram of samples in the space of measured concentrations of organic pollutants with the image of the data, a conclusion may be drawn that the samples of cluster A were characterized by the lowest benzene, toluene, naphthalene, acenaphthene and fluorene contents (parameters 2, 3, 6, 7 and 8). Furthermore, in the sample collected between 356 and 523 h of the experiment, high concentrations of phenolics, benzo(a) anthracene and chrysene (parameters 1, 13 and 14) were observed. The samples included in cluster B were characterized by higher concentrations of naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene (parameters 6-12) than the remaining samples. The uniqueness of the samples collected between 48-216 and 217-312 h of the UCG process duration (objects 2 and 3) was also observed, resulting from the lowest phenolic concentration. The color map also showed the uniqueness of the sample collected between 48 and 216 h of the UCG process duration (object 2), mainly due to the highest concentrations of acenaphthene, fluorene, phenanthrene, anthracene and pyrene (parameters 7-10 and 12) and the uniqueness of the sample collected in the period of 217-312 h of the UCG process duration (object 3), due to low chrysene content (parameter 14) and the lowest phenolics concentration (parameter 1) among all tested samples. The sample collected during the stable operation of the UCG process (object 4) was characterized by high phenolics, toluene, anthracene, fluoranthene, pyrene and chrysene contents (parameters 1, 3, 10-12 and 14) and the highest concentrations of xylene, naphthalene and benzo(a)anthracene (parameters 5, 6 and 13).
The uniqueness of the unclustered sample collected in the first 48 h of the UCG process duration (object 1) was caused mainly by the lowest phenanthrene, anthracene, fluoranthene and pyrene contents (parameters 9-12), the highest concentrations of phenolics, benzene, toluene and ethyl benzene (parameters 1-4) and high xylene content (parameter 5) when compared to the remaining samples.
CONCLUSIONS
1. The contents of organic pollutants (phenolics, BTEX and PAHs) in a liquid by-product of the in situ UCG experiment varied significantly with the progress of the process. 2. The average phenolics, BTEX and PAH concentrations in the UCG process condensate were 484,000, 55.8 and 1,911.75 μg/L in 357 h for the oxygen gasification, and 759,000, 15.3 and 378 μg/L in 456 h for the post-process stage, respectively. 3. HCA with a color map of the studied data sorted according to the Ward linkage method allowed effective exploration of the studied experimental data. It revealed that the sample collected during the first 48 h of the UCG process was unique due to the lowest phenanthrene, anthracene, fluoranthene and pyrene contents and the highest concentrations of phenolics, benzene, toluene and ethyl benzene. 4. Low phenolics concentration was observed in the samples collected between 48-216 and 217-312 h of the UCG experiment duration. The sample collected between 48 and 216 h of the process was also characterized by the highest concentrations of acenaphthene, fluorene, phenanthrere, anthracene and pyrene, whereas the sample collected in the period 217-312 h was unique due to the lowest phenolics concentration. 5. The sample collected during the stable operation of the UCG process (313-355 h) was characterized by the highest concentrations of xylene, naphthalene and benzo(a) anthracene.
